Abstract Following the outbreak of pet food-induced nephrotoxicity in March 2007, a voluntary online survey of all AAVLD-accredited laboratories, commercial laboratories, and veterinary clinics across North America was conducted. There was no information on toxicity of melamine or factors affecting the disease outcome following exposure to melamine in pets. Data were collected from affected pets to learn about the disease outcome and the affected pet population. The web-based electronic survey used the online tool, SurveyMonkey™. Data were collected between April 5 and October 31, 2007. Four hundred fifty-one cases of 586 reported cases met the criteria for inclusion in the study. Most reported cases were from California, Texas, Michigan, Florida, and Ontario. Of the 451 cases, 424 were reported as affected. Of these, 278 cases (65.6%) were cats and 146 (34.4%) were dogs. A total of 278 pets (171 cats and 107 dogs) were reported to have died (a ratio of 1.6:1). However, within species, there was a higher percentage of deceased dogs (73.3%) than cats (61.5%). Of the affected pet population, older male cats with preexisting disease conditions were more likely to be deceased. Analysis of the pets in this large database of naturally affected pets yielded interesting findings. It showed that more cats than dogs were affected and also that preexisting renal diseases and old age predicted the most severe outcome (death or euthanasia) than any other factors.
Introduction
In March and April of 2007, a massive recall of melamine-contaminated pet food products occurred across North America, prompted by reports of acute renal failure among pets that had consumed tainted pet food containing ingredients imported from China. Illnesses and deaths among pets were first noticed in early March 2007 and were initially associated with feeding pet foods manufactured by Menu Foods, Inc. The first nationwide recall of pet foods was issued on March 16, 2007 [1] . Investigations to detect possible food contaminants focusing on common nephrotoxicants (ethylene glycol, soluble oxalates, mycotoxins such as ochratoxins, and heavy metals such as arsenic and mercury) were fruitless. Despite intensive efforts, it was not until March 30, 2007 that the first contaminant, melamine, was officially identified in pet foods sickening and killing pets. Reports surfaced that two Chinese companies had sold wheat gluten and rice gluten purposefully contaminated with melamine, an industrial chemical, in order to artificially inflate their apparent protein concentration. Melamine, which has no nutritional value but a high nitrogen content, is used for the manufacture of plastic resins used in kitchenware, for manufacture of glues and adhesives, and in Asia, as a fertilizer [2] . Wheat and rice gluten are used in the manufacture of wet foods as thickening agents. In 2008, thousands if infants in China were poisoned by melamine-contaminated milk food products. As such, the toxicity of melamine and other related triazine compounds is of interest to both medical and veterinary professionals [3] .
Melamine is known to be of low toxicity in mammals [2, 4] . The oral LD 50 in the rat is 3,161 mg/kg body weight [2] . In dogs and rats, melamine given in high acute oral doses causes diuresis [5] . Chronic exposure of rats to melamine is associated with tumors of the urinary bladder and not the acute renal failure that was observed in pets [6] [7] [8] . The concentration of melamine found in pet food was relatively low (50-400 ppm). Based on all this, it became clear that other contaminants could be present in the pet food.
Further analysis of contaminated food in April 2007 revealed the presence cyanuric acid, ammeline, and ammelide; still later ureidomelamine and N-methylmelamine were also found [9] . Of these contaminants, melamine was the most abundant followed by cyanuric acid [9] . The wheat gluten was found to contain melamine at 8.4%, cyanuric acid at 5.3%, ammelide at 2.3%, ammeline at 1.7%, and ureidomelamine and methyl melamine at <1% each [9] . All these contaminants are triazine compounds that have wide industrial applications. Cyanuric acid, ammelide, and ammeline appear to be by-products generated in the process of manufacturing melamine.
Cyanuric acid by itself, like melamine, has very low toxicity [10] . However, when melamine and cyanuric acid are ingested together, they interact in the renal tubules to form stable melamine-cyanurate crystals [11] . These crystals have very low water solubility, and renal failure may result from physical blockage of the uriniferous tubules and tubular epithelial cell necrosis [11] .
Affected pets suffered mainly from acute renal failure characterized by polyuria, isosthenuria, polydipsia, oliguria, hyperphosphatemia, and azotemia [8] . The melaminecyanurate crystals found in the urine of these animals have been characterized recently [12] .
At the time of the disease outbreak, very little had been published regarding the toxicity of triazine compounds in pets, and there was no information on the toxicity of a mixture of these compounds. The volume of unsubstantiated reports of pets having been affected and/ or having died as result of consuming melaminecontaminated food was exacerbated by confusion surrounding the case definition of the pet food-induced illness or death [13] . Through its national organizations, the veterinary professional community worked to develop information about this new disease in order to assist affected pet owners and veterinarians in its proper identification and appropriate treatment.
This survey was posted online on April 5, 2007, 1 week after melamine was identified in the pet foods. The major objectives of the survey were to collect data from veterinary professionals across North America to determine (a) the minimum number of confirmed cases of pets affected by melamine-contaminated food, (b) the geographic distribution of cases across North America, (c) the common signalment among affected animals, and (d) to determine the disease outcome among confirmed cases in this outbreak.
Materials and Methods

Survey
The web-based electronic survey used the online tool, SurveyMonkey™. The initial target audience was veterinarians in AAVLD-accredited laboratories, but the scope rapidly expanded to include those in commercial laboratories and veterinary clinics across North America. The online survey was widely publicized through the American Veterinary Medical Association (AVMA), the American College of Veterinary Pathologists (ACVP), and the American College of Veterinary Internal Medicine (ACVIM), and links were created on the AAVLD, AVMA, and ACVP websites. More publicity was generated by direct e-mails through the veterinary toxicology list serve, the news media, and conference presentations at the annual AAVLD meeting in Reno, Nevada. The survey period was April 5 through October 31, 2007. The 17-item questionnaire is reproduced in Appendix.
Data
Responses were received from 474 veterinarians reporting 586 individual pets. In all, 135 cases (23%) were excluded for the following reasons: 13 responses failed to report species, five did not report health status of the animals, and 117 included no contact information or did not want to be contacted. Because this study targeted affected animals, another 27 cases were removed since they report the animal as "healthy, never ill." The remaining 424 reported cases were evaluated.
Measurements
The measurements discussed here are used in the "Results" section. The question number on the survey is also referenced when applicable. The following animal characteristics were asked directly on the survey (see Appendix): Q1, species (canine, feline, or other); Q2, breed (enter name); Q3, age (reported in years/months); and Q4, sex (male or female).
The survey asked (Q5), "What is the current health status of the affected animal?" The possible responses were healthy never ill, "currently ill," "previously ill, now recovered," and "deceased." For this study, we defined an animal as "affected" if the response to the current health status was currently ill, previously ill now recovered, or deceased. Only the 424 affected animals are used in any analysis, which compares recovered cases to deceased cases, as recovery requires onset of an illness from which recovery was made. Furthermore, a dichotomous variable, deceased, is defined as either not deceased if currently ill, previously ill now recovered, or otherwise deceased. This variable is used in one of the prediction models.
The survey asked (Q7), "Did this animal have any conditions that would predispose it to renal disease/failure?" The response was yes or no. This is a veterinarian's professional assessment of whether or not the pet had preexisting diseases that might render it more vulnerable to pet food-induced renal failure. For those who responded yes, selections from a list of predisposing conditions could be made (Q8). Multiple selections were allowed and respondents also given a choice of "other" where they freely listed those predisposing conditions, which were not provided as a choice.
The survey asked (Q9) "Please indicate diagnostic criteria used to arrive at your diagnosis (select all that apply)." The respondents could select from a list of eight criteria plus other. Respondents who checked other were asked to specify the other diagnostic criteria they used (see Q9, Appendix). Veterinarians were asked (Q10) to specify other chemical markers present in their cases, which was another way of asking about other diagnostic criteria they used to determine that the case they were entering was indeed pet food related.
The survey asked (Q11) "How soon after ingesting recalled pet food did the animals become ill?" Respondents chose from a list of five choices plus other. Those who chose other were asked to specify their answers.
The survey asked (Q12), "Which dog/cat food(s) was the affected animal eating at the time of (or immediately preceding) the diagnosis? (Select all that apply)." The respondent could select from a list of food brands or specify particular brands not on the selection list under other. When other was entered, the brand was added to the final list of reported food brands. See Q12, Appendix, for the final list. Participants were able to check multiple food brands that were fed to the affected pet, if this were the case, so each case may have values in more than one category. Each category is treated as yes/ no response. The rest of the questions (Q13-17) were designed to collect pet identification information, specific food lot numbers, and for identification of veterinarians completing the survey, their practice addresses, and contact information in case a follow-up was necessary.
Statistical Analysis
Diagnostic criteria (Q9) were analyzed for all pets. Statistical analyses focused on affected pets (defined by responses currently ill, previously ill now recovered, or deceased on the health status question, Q5). Univariate descriptive statistics for each species are presented for the animal characteristics, health status, and preexisting conditions likely predisposing to renal failure. Then, also for affected pets, bivariate analyses using cross-tabulation or comparison of means are performed to relate the animal characteristics, possible predisposition to renal disease, and health status.
Two predictive models are considered. A multinomial logistic model that considers the currently ill and previously ill now recovered categories separately and compares each category with deceased. A logistic model assesses risk factors related to renal failure for affected animals. Both model analyses are performed within species.
Results
Univariate Analysis for Affected Pets
The regional distribution of all reported, affected pets is summarized in Fig. 1 . In North America, reports were submitted from four provinces, 35 states, and Puerto Rico, with the majority coming from California, Texas, Michigan, Florida, and Ontario. The USA reported 94.5% of the cases submitted, and the remaining 5.5% came from Canada.
Of the 424 affected pets, 278 (65.6%) cases were cats and 146 (34.4%) cases were dogs, with a cat/dog ratio of 1.9:1.
Characteristics of Affected Pets
Among the affected pets, 44 dog breeds and 14 cat breeds were represented. Dog breeds most frequently reported were crossbreeds > Labrador retrievers > Dachshund > Pomeranian. Sixty-six percent of all cat cases were domestic short hair followed by the Siamese cat (6.4%).
There was no significant difference for either dogs or cats in the number of cases reported for males and females (p<0.35; canine, 50.8% male and 49.2% female; feline, 47% male and 53% female).
The average age of affected cats was 92 months (7.6 years) with a standard deviation of 60 months (range, 2 to 252 months). The median age of affected cats was 84 months (7 years), and the median age was within 8 months of the average. The average age of affected dogs was 94 months (7.8 years) with a standard deviation of 54 (range, 4 to 228 months). The median age of affected dogs was 96 months (8 years), and the average and median ages were within 3 months of each other.
When sex is accounted for, the average age of affected female cats was 100 months (n=135), while that of affected male cats was 82 months (n=119). Using the two-sample t test, the reported male cats were affected significantly younger than reported females (p=0.015). For dogs, the average ages of affected females (93 months, n=63) and males (96 months, n=64) were not significantly different by (p=0.695).
Diagnostic Criteria
A summary of diagnostic criteria (Q9) used for diagnosis of pet food-induced nephrotoxicity is given in Tables 1 (cats) and 2 (dogs). This question was asked to determine the criteria on which clinicians relied for diagnosis/ definition of those cases. The questions were not mutually exclusive, and respondents were told to mark all that applied and write in additional helpful parameters. Among deceased cats and dogs, the majority of veterinarians relied on a history of ingesting recalled pet food and on histopathology findings. In recovered or currently ill categories, the majority of respondents relied on the 
Predisposition to Renal Disease
The majority of affected pets (330 of 419, 78.8%) did not have any reported preexisting conditions that predisposed them to renal failure.
The conditions listed (gastrointestinal disease, renal disease, cardiovascular disease, neurological disease, cancer, and other) were not mutually exclusive, and 70% of those reporting preexisting conditions selected more than one condition in a given animal. By species, 22.5% of affected dogs (n=142) and 20.6% of affected cats (n=277) reported a predisposing conditions. Of the 19 positive canine responses, 15 (78.9%) reported preexisting renal disease and four (21.1%) reported cardiovascular disease. Of the 43 feline responses, 32 (74.4%) reported preexisting renal disease, five (11.6%) reported cardiovascular disease, and six (14.0%) reported something outside of the list of categories. The most commonly reported preexisting renal diseases were diabetes, membranous glomerulonephritis, chronic interstitial nephritis and fibrosis, cancer (renal lymphoma and carcinoma), nephrosclerosis, unilateral kidney agenesis, and prior exposure to toxins such as Easter lilies (Q8). Note that multiple diagnostic criteria could be used. Note that for deceased cats, histopathology of the kidneys and a history of eating recalled food were the most commonly used criteria. For recovered and currently ill, urinalysis and history of ingesting recalled pet food were the most commonly used criteria. Not reflected in this table is "Serum chemistry profile" confirming azotemia, which was self-reported as widely used as one of the diagnostic criteria among recovered or currently ill Note that multiple diagnostic criteria could be used. Note that for deceased dogs, histopathology of the kidneys and a history of eating recalled food were the most commonly used criteria. For recovered and currently ill, urinalysis and history of ingesting recalled pet food were the most commonly used criteria. Not reflected in this table is "Serum chemistry profile" confirming azotemia, which was self-reported as widely used as one of the diagnostic criteria among recovered or currently ill
Foods Consumed Prior to Sickness
In the USA, 20 food brands were reported to have poisoned dogs and 28 food brands for cats. In Canada, there were three food brands reported to have poisoned dogs and 10 food brands for cats. Figure 2 lists those food brands with a frequency of >10 cases reported, with the remainder included as other. Iams (Proctor & Gamble) and Special Kitty (Menu Foods, Inc.) were the top brands most often consumed by affected cats, while Alpo (Nestle Purina), Mighty Dog Pouch (Nestle Purina), and Ol' Roy US (Menu Foods, Inc.) were those most often eaten by affected dogs. Only 67% of respondents addressed Q11, regarding the time interval between consumption and onset of illness. The majority of these (130 out of 394) indicated that the food brands were routinely fed, and it was unclear when a contaminated bag was opened. Of those who knew, four respondents indicated feeding less than 1 day, 69 respondents indicated 1 to 3 days, 74 indicated 3 to 7 days, 38 indicated 7 to 10 days, and 79 indicated more than 10 days. Overall, these results suggest that most of the cases occurred after multiple ingestions of the contaminated pet food.
Bivariate Analyses Relating Health Status and Predisposition to Other Variables
Health Status Related to Other Variables
The cross-tabulation of sex with health status showed no significant relationship for dogs (p=0.663) or for cats (p=0.164). To compare the mean ages of affected pets in each health status category (currently ill, previously ill now recovered, and deceased), a one-way analysis of variance was run separately for cats and dogs (Table 3) . For the affected animals, the mean age of the currently ill was higher for both dogs and cats, while the mean age for the recovered group is the lowest for both dogs and cats. However, the differences are not significant (p=0.078).
The correlation of preexisting renal disease (Q7) with health status (Q5) is reported in Table 4 . The association of preexisting renal disease with death is statistically significant in both dogs (p=0.090) and cats (p=0.023). For cats, 57.3% of those with no noted preexisting conditions died, compared to 77.2% of cats with known preexisting renal disease-renal impairment increased the incidence of death by 20%. In dogs, 19.3% more animals died when preexisting renal conditions were reported (87.5% vs 68.2%).
The Relationship Between Preexisting Renal Disease (Q7) and Sex and Age
The cross-tabulation of sex and whether the animal had any preexisting renal disease is reported in Table 5 . The relationship is not significant for dogs (p=0.677), but is highly significant for cats (p=0.007). These results imply that male cats were more likely than female cats to have preexisting renal diseases that rendered them more vulnerable to the melamine-cyanurate pet food-induced renal failure.
The two-sample t test was used to analyze for differences in mean age between animals with any reported preexisting disease and those without preexisting conditions (Q7). For dogs, the mean age of the group with preexisting disease conditions was 106 months (8.9 years) with standard deviation of 59 months, and for the non-pre-existing disease group, the mean age was 89 months (7.4 years) with standard deviation of 52 months. The difference in mean age was not significant (p=0.150). On the other hand, the mean age of the group of cats with preexisting disease conditions was 125 months (10.5 years) with standard deviation of 60 months, and for those without preexisting conditions, the mean age was 82 months (6.8 years) with standard deviation of 57 months. The difference in mean age is highly significant for cats, p<0.001. This means that older cats were more likely to have preexisting disease conditions predisposing them to melamine-contaminated pet food than younger cats or dogs. By far, the preexisting disease conditions were kidney-related (74.4%).
Predictive Models
Multinomial Logistic Model to Predict Death
This model considers the currently ill and previously ill now recovered categories separately, comparing each category with deceased. The same predictor variables as in the logistic model are used. Results are reported in Table 6 . For dogs, none of the variables are significant predictors of either currently ill vs deceased, or recovered vs deceased. However, for cats, age and predisposition to renal disease significantly distinguish currently ill from deceased, and predisposition is significant for recovered vs deceased. A 1-year increase in age increases the odds of being currently ill rather than deceased by about 11%. This is likely the result of the cross-sectional nature of the data since the final outcome for the ill animals is not known. However, the presence of preexisting predisposing diseases is a strong risk factor in death. Those cats with preexisting disease conditions have more than triple the odds of being deceased rather than currently ill, and more than 2.5 times the odds of being deceased rather than recovered. Although the average age of the recovered cats was slightly below the average age of deceased cats, the difference was not enough to conclude that age is a significant risk factor (comparing recovered and deceased) using this multinomial logistic model to predict death.
Logistic Model to Predict Predisposition to Renal Disease
Since preexisting disease plays an important role in survival, the question of whether it is a mediating factor is important. That is, can preexisting conditions predisposing to renal disease be predicted by sex and age? Results are reported in Table 7 . For dogs, age and sex there are no significant findings. However, for cats, age and sex are significant risk factors in predisposition to renal disease. The odds ratio for sex is interpreted as the increase in odds of predisposition to renal disease when comparing males to females. Thus, for cats, the odds of predisposition to renal disease decrease by about 34% when the cat is female. In addition, for cats, the odds of predisposition to renal disease increase by about 14% for each year of age. This predisposition to renal disease, in turn, increases the chance of death or euthanasia. This suggests that following ingestion of melamine-cyanurate-contaminated pet food, older male cats were most at risk to die or be euthanized than any other segment of the pet population examined in this survey.
Discussion
This study was voluntary, and therefore, it was not possible to collect data on all pets that were affected by the melamine-cyanuric acid pet food contamination. The focus of the study was to determine the minimum number of confirmed cases of pet food-induced nephrotoxicity, to determine how geographically widespread the confirmed cases were, and, using this database of confirmed cases, to identify common factors, signalment, and disease outcome among clinically affected pets. In this web-based survey, 474 veterinarians responded reporting a total of 586 individual pets. As no control group was surveyed, a strong bias is undoubtedly present since only animals whose illness affected them enough to be noticed by the owners were likely presented to veterinarians. Many questions could only be answered descriptively in terms of the survey results. Inferential statistics were used where possible to extend predictions beyond the sample group. Reported affected pets were fairly widely distributed throughout the USA, although no cases were reported in some states. This may be due to the uneven distribution of participating clinics or diagnostic laboratories. Respondents had an option to list species affected other than dogs and cats, but none were reported (Q1). Reports from experimental studies indicate that pigs and fish are also affected by melamine-cyanurate-contaminated food [14] .
Results show that 65.5% of the affected pets were cats and 34.4% were dogs. According to the US Pet Ownership and Demographics Sourcebook information posted on the AVMA website, in 2007, there were 72.1 million dogs (in 43.0 million homes) and 81.7 million cats (in 37.5 million homes) in the USA [15] . Whereas there were proportionally more cats than dogs (53.1% vs 46.9%), there were fewer homes with cats than with dogs (46.5% vs 53.5%) in the USA in 2007, suggesting that more cats were kept per household. Comparing pet populations, more cats were affected than were represented in the general pet population (65.5% affected vs 53.5% in pet population) in 2007. It is possible that more cats were affected than dogs because multiple cats in the same household may have been exposed to contaminated pet food. Alternatively, since published data show that daily dry matter intake in cats of 0.05-0.8 kg animal −1 day −1 is similar to that of dogs (0.07-0.8 kg animal
), it is possible that cats are more sensitive than dogs to melamine-cyanurate-contaminated pet food [16] .
Among dogs, crossbreeds were the most frequently reported to have been affected, likely reflecting the overall popularity of mixed-breed dogs as pets. Unfortunately, animal weight was not included in the questionnaire; therefore, the size of these mixed dog breeds is unknown. Among the purebreds, the Labrador retriever, Dachshund, and Pomeranian were most represented. The Labrador retriever is a large breed, while the Pomeranian is a small dog. Dog size does not appear to be a factor as both large and small dogs were affected. However, the Labrador retriever is the most popular dog in the USA, and the results may simply reflect that fact. With respect to affected cat breeds, the domestic short hair cat was the most frequently affected. This is probably because it is the most common household breed of cat. News reports indicated that "thousands" of pets died as a result of pet food-induced nephrotoxicity [13] . Results of this study show that the numbers of confirmed affected pets were at least 586 cases, but the total will probably never be known. Banfield, a large small animal practice in North America, indicated that only a small population of pets was actually affected by the contaminated pet food [17] . It is likely, however, that some pets had died before this outbreak was recognized and therefore were not reported. Furthermore, many affected pets may not have been presented for treatment, or for necropsy if deceased. It is also likely that despite the effort to publicize the survey as widely as was done, some veterinarians were not aware of it or chose not to participate.
Despite its shortcomings, this study yielded interesting data. Results show that overall within species, male and female pets were affected at about the same frequency. In addition, animals of all ages were affected, although the average and median age of affected pets was about 8 years old. A higher proportion of affected dogs died than affected cats, despite the observation that more cats than dogs were affected. The reasons for this are not clear. It is also noteworthy that the older male cat was most at risk to die or to be euthanized after ingesting contaminated pet food. It is not clear why older male cats experienced a more severe outcome than older female cats, this in spite of the finding that significantly more older female cats were affected than males.
Another interesting finding was that the majority of affected pets (>78%) did not have preexisting diseases. This suggests that melamine cyanurate is a potent toxin that will affect even healthy pets. However, among pets reported to have preexisting conditions, 74.4% of cats and 78.9% of dogs had kidney-related diseases of which diabetes, glomerulonephritis, chronic interstitial nephritis, and kidney cancer were the most common. The results show that these preexisting diseases increased the incidence of death.
Many food brands were reported to have affected pets. However, some food brands were more frequently reported than others. For example, for cats, Iams and Special Kitty U.S. were two top foods eaten by affected pets. It is not clear if these food brands contained proportionally more contaminants than others, or if simply they were the most popular cat food brands. Also, the majority of veterinarians indicated that illness was observed in pets following several days of feeding contaminated pet food. This suggests cumulative effect(s) of the toxicants.
In conclusion, this study has shown that more cats than dogs were reported poisoned by the melaminecyanuric acid pet food contaminants. The proportion of affected cats to dogs was 1.9:1 compared to a ratio of 1.1:1 in the general population in 2007. Of those cases submitted in this survey, 278 pets were reported to have died. The cat to dog ratio of pets that died was 1.6:1. Within species however, a higher percentage of affected dogs (73.3%) were reported to have died or euthanized compared to only 61.5% of cats. The vast majority of affected pets were healthy, without preexisting disease conditions. Of the pets reported to have preexisting conditions, the vast majority had preexisting renal diseases. Preexisting renal diseases and old age predicted the most severe outcome (death or euthanasia) than any other factors. Older male cats with preexisting diseases were the most vulnerable and more likely to die or be euthanized among pets that ate contaminated pet food. 
